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 Abstract 
 The selection of enzyme-producing fungi is useful to obtain enzymes required to hydrolyze lignocellulosic material and 
thereby contribute to biomass conversion into fuels and chemicals. Besides cellulases, the presence of accessory enzymes 
in enzyme cocktails is necessary to enhance hydrolysis effi ciency. This study evaluates the production, purifi cation, and 
biochemical-kinetic characterization of  β -galactosidase produced by a new strain of  Aspergillus niger (P47C3) isolated 
from the Amazon Forest. The  A. niger (P47C3) was cultured under SmF conditions and  β -galactosidase was purifi ed 
in a three-step purifi cation, using an ultrafi ltration membrane, ion exchange (TSK-SP), and gel fi ltration (Sephacryl 
S-200). The calculated molecular weight of the purifi ed enzyme was 125 kDa. Optimum pH (4.0) and temperature 
(55 ° C) of  β -galactosidase activity were determined. The values of the kinetic parameters obtained from p-nitrophenyl-
 β -D-galactopyranoside (PNPG) hydrolysis were 2.2 mM and 0.285 mM/min for  Km and  Vmax , respectively. The 
inhibition of PNPG hydrolysis by  β -galactosidase in the presence of the inhibitor galactose gave a  Ki value of 5.01 mM. 
As a precursor to elucidating the tertiary structure using X-ray diffraction, the  β -galactosidase was crystallized using 
0.2 M Tris – HCl buffer, with 12% PEG 4000 as the precipitation agent; the largest crystals were formed at pH 8.6. 
These results provide the basis for further structural and functional studies of this accessory enzyme to evaluate its 
potential biotechnological applications. 
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 Introduction 
 Lignocellulosic biomass is one of the most promising 
alternative sources for the production of renewable 
and sustainable energy. However, one of the major 
bottlenecks restricting its commercialization is the 
high cost of the enzymes needed for biomass conver-
sion. Besides cellulase, the presence of accessory 
enzymes in the enzymatic cocktail is necessary to 
enhance hydrolysis effi ciency (Gao et  al. 2011). 
Microorganisms have evolved different strategies for 
biomass degradation and are an important source of 
biocatalysts for the biofuel industry (Dodd  & Cann 
2009). In this context, the Amazon biodiversity is 
considered a wide fi eld to search for microorganisms 
that secrete powerful enzymatic cocktails containing 
cellulases, hemicellulases, pectinases, ligninases, and 
accessory enzymes, for the degradation of vegetal 
biomass. Among the microorganisms capable of 
decomposing organic matter,  A. niger is prized in the 
industry for its high fermentation capacity, elevated 
Biocatalysis and Biotransformation, 2014; 32(1): 13–22
ISSN 1024-2422 print/ISSN 1029-2446 online © 2014 Informa UK, Ltd.
DOI: 10.3109/10242422.2013.801018
B
io
ca
ta
l B
io
tra
ns
fo
rm
at
io
n 
D
ow
nl
oa
de
d 
fro
m
 in
fo
rm
ah
ea
lth
ca
re
.c
om
 b
y 
U
N
IC
A
M
P 
on
 0
2/
26
/1
4
Fo
r p
er
so
na
l u
se
 o
nl
y.
14  M. Tonelotto et al.  
levels of protein secretion, and the variety of enzymes 
produced for diverse applications, including a com-
bination of enzymes for the degradation of plant cell 
wall polysaccharides (de Vries  & Visser 2001; Liu 
et  al. 2011). 
 One of the enzymes produced by  Aspergillus 
niger is  β -galactosidase. Due to its ability of hydroly-
zing lactose to galactose and glucose,  β -galactosidase 
is widely applied in the food industry  – it is 
used to reduce lactose content in refrigerated food 
to avoid fl avor loss, and it is also consumed by 
lactose-intolerant patients. Some enzymes in the 
 β -galactosidase group are also involved in hemicel-
lulose degradation and act synergistically with other 
accessory enzymes in biomass conversion. Hemicel-
luloses usually represent 20 – 40% of the dry weight 
of lignocellulosic residues (Jorgensen et  al. 2007; 
Saha 2003). Branching in short lateral chains, these 
hetero polymers are more easily hydrolyzed than 
cellulose. On the other hand, the diversity and 
complexity of hemicellulose structure requires an 
equivalent diversity of enzymes for its degradation, 
and synergic interaction between the enzymes is 
needed to degrade the hemicellulose polysaccharides 
(Jorgensen et  al. 2007; Saha 2003). The synergic 
interaction between  β -galactosidases, feruloyl 
esterases, and arabinofuranosidases produced by 
 A. niger could promote hydrolysis of the branched 
chains of hemicellulose (de Vries  & Visser 2001), but 
enzyme properties can differ depending on the 
microorganism producing them. Therefore, in order 
to explore potential biocatalytic applications of 
accessory enzymes produced by new isolated strains, 
the characterization of these enzymes is essential. 
 In this work,  β -galactosidase was purifi ed from 
an enzyme extract produced by submerged cultiva-
tion of a new strain of  A. niger (P47C3) isolated from 
Amazon soil, and the purifi ed enzyme was character-
ized. For the evaluation of  β -galactosidase biochem-
ical and kinetic properties, the effect of temperature 
and pH on enzyme activity,  Km and  Vmax experi-
mental values, inhibition type, and  Ki value were 
determined. 
 Material and methods 
 Microorganism and reagents 
 The wild-type  A. niger (P47C3) strain used in this 
study was isolated by screening samples of soil and 
decomposed wood from the Amazon Forest reserve 
area at EMBRAPA Eastern Amazon (Brazilian Com-
pany for Agricultural Research), located in Bel é m, 
Brazil (Delabona et  al. 2012), and deposited at 
EMBRAPA Food Technology culture collection (Rio 
de Janeiro, Brazil). Stock cultures were maintained 
on potato dextrose agar (PDA) plates at 4 ° C. 
Lactose for fermentation supplementation, and the 
p-nitrophenyl- β -D-galactopyranoside (PNPG) sub-
strate used for  β -galactosidase activity determination 
were purchased from Sigma (St. Louis, MO). 
 Submerged fermentation for  β -galactosidase production 
 β -Galactosidade production under submerged 
fermentation (SmF) conditions was carried out in 
2-L Erlenmeyer fl asks. Nutrient solution (400 mL) 
consisting of media (Mandels  & Sternberg 1976) 
and wheat bran were inoculated with 10 7 spores/
mL (Fiedurek  & Ilczuk 1990). To improve the 
 β -galactosidase production by  A. niger (P47C3), a 
further set of experiments was performed, adding 
5% lactose to the nutrient solution, and the amount 
of active  β -galactosidase produced with and without 
lactose supplementation was compared. The fermen-
tation was carried out at 30 ° C, 200 rpm agitation 
(BioSan ES-20/60 Shaker-incubator) for 5 days. 
Samples were collected every 24 h to monitor the 
enzyme production. The fungal mycelia were sepa-
rated by centrifugation at 2700  g for 30 min at 4 ° C. 
The resulting supernatant was the enzyme extract. 
 β -Galactosidase purifi cation 
 Recovery and purifi cation of  β -galactosidase pro-
duced by  A. niger (P47C3) was performed in three 
steps, at room temperature. After SmF of  A. niger, 
membrane fi ltration was performed for the removal 
of fungal mycelia and protein concentration. The 
enzyme extract (5 L) was concentrated to 100 mL 
using a polysulfone 100-kDa hollow-fi ber membrane 
(AIG Technology) attached to a tangential fi ltration 
system. For salt removal, the concentrate was 
dialyzed against 50 mM sodium acetate buffer (pH 
4) at 4 ° C. Ion exchange chromatography of the 
dialyzed extract was performed using an AKTA 
Purifi er system (GE Healthcare) and a pre-packed 
(21.5    150  mm) TSK gel SP-5PW column (Tosoh 
Bioscience). After loading the extract, the column 
was washed with two column volumes (CV) of the 
equilibration buffer, and the bound proteins were 
eluted from the column using a 4-CV linear salt gra-
dient from 0 to 0.5 M NaCl in 50 mM sodium 
acetate, pH 4.0, at 1 mL/min fl ow rate. The volume 
of the collected fractions was 5 mL. Absorbance at 
280 nm was monitored throughout the chromato-
graphic run. Eluted fractions from ion exchange 
chromatography that had  β -galactosidase activity 
were combined and concentrated using 100-kDa fi l-
ter units (GE Healthcare). The concentrate was 
loaded onto a 26    1200 mm column fi lled with the 
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size exclusion resin Sephacryl S-200, previously 
equilibrated with 50 mM sodium acetate buffer,
pH 4. Flow rate was 0.3 mL/min, and 2-mL 
fractions were collected. The fractions collected con-
taining purifi ed  β -galactosidase (according to the gel 
electrophoresis) were dialyzed against 2-L ultrapure 
water (MilliQ, Millipore) and lyophilized (Liofi lizador 
L202  – Liotop, Liobras). The lyophilized sample was 
used for the determination of enzyme kinetic con-
stants and for crystallization experiments. 
 Analytical assays 
 Gel electrophoresis.  The eluted fractions from the 
chromatographic steps were analyzed using SDS-
PAGE gel electrophoresis under denaturing condi-
tions using 10% acrylamide gels (Laemmli 1970). 
The same volume of samples (10  μ L) was loaded 
on to the gel, and the proteins were stained with 
Coomassie Brilliant Blue R-250 (Bio-Rad). 
 β -Galactosidase activity.  For spectrophotometric 
assays of  β -galactosidase activity, 50  μ L of a 10 mM 
PNPG solution prepared in 50 mM sodium acetate 
buffer at pH 4 was added to 20  μ L of the enzyme 
extract. The mixture was incubated for 10 min at 
37 ° C, the reaction was stopped by adding 500  μ L of 
1 M sodium carbonate, and the absorbance values 
at 420 nm were measured (Sykes et  al. 1983). One 
unit of  β -galactosidase enzymatic activity was defi ned 
as the amount of enzyme needed to release 1  μ mol 
of p-nitrophenol per minute at the assay conditions. 
The assays were carried out in duplicate. 
 Total soluble protein.  The total soluble protein content 
of the enzyme extract was quantifi ed using the Brad-
ford method (Bradford 1976), using bovine serum 
albumin as a standard. 
 Biochemical and kinetic characterization 
of  β -galactosidase 
 Effect of pH.  In order to determine the optimal pH 
for  β -galactosidase activity, 20  μ L of 20 mM PNPG 
solution prepared in 50 mM sodium phosphate cit-
rate buffer at different pH values (3.0, 4.0, 5.0, 6.0, 
7.0, 8.0, and 9.0) was added to 50  μ L of purifi ed 
 β -galactosidase dissolved in water. Enzyme activity 
was determined as described in Section 2.4.2, but 
varying the pH of the buffer solution from 3 to 9. 
The experiments were performed in triplicate. 
 Effect of temperature.  To determine the optimum 
temperature for  β -galactosidase activity, conditions 
similar to the optimal pH determination were used. 
Twenty microliters of PNPG solution (20 mM 
PNPG in 50 mM sodium acetate buffer at pH 4) 
and 50  μ L of purifi ed  β -galactosidase were incu-
bated at 27, 37, 40, 45, 50, 55, 60, 65, 70 and 80 ° C 
for 10 min. The reaction was stopped by adding 
500  μ L of 1 M sodium carbonate. Enzyme activity 
was determined as described in Section 2.4.2, and 
the experiments were performed in triplicate. 
 Experimental determination of Michaelis – Menten 
constant (Km) and maximum reaction rate (Vmax). 
 Different concentrations of the synthetic substrate 
PNPG were tested for the determination of  Km and 
 Vmax of the  β -galactosidase. Solutions of purifi ed 
enzyme (100  μ L) were added to solutions with con-
centrations of PNPG ranging from 0.67 to 60 mM, 
and the enzyme activities were measured. 
 Effect of inhibitor on  β -galactosidase activity.  Galactose 
was used to evaluate the effect of inhibition in 
 β -galactosidase activity. For the inhibitor constant 
( Ki ) determination, enzyme activity assays with 
PNPG concentrations varying from 0 to 20 mM 
were carried out in the presence of 0 – 5 mM of the 
inhibitor. The mixtures were incubated at 37 ° C for 
10 min, followed by the addition of 500  μ L of 1 M 
sodium carbonate to stop the reaction, as previously 
described (Section 2.4.2). Once the inhibition was 
confi rmed, the type of inhibition was also deter-
mined by constructing a Lineweaver – Burk double-
reciprocal plot. The  Ki value was obtained from the 
plot of apparent  Km versus inhibitor concentration, 
according to Segel (1993). 
 Crystallization 
 Experiments for the crystallization of purifi ed  β -
galactosidase from  A. niger (P47C3) were performed 
using the hanging drop method (McPherson 1982). 
The purifi ed and lyophilized protein was dissolved 
in water to prepare a solution with 10 mg/mL 
concentration. After centrifugation at 26,000  g for 
5 min, solution drops of 1 – 5  μ L volume were mixed 
with an equal volume of 12% PEG 4000 and 0.2 M 
Tris – HCl buffer at pH ranging from 8.0 to 8.5. The 
drops were equilibrated against 1 mL of the same 
solution at 18 ° C. Crystal formation in the drop was 
monitored every day using a magnifying glass, over 
a 1-month period. 
 Results and discussion 
 β -Galactosidase production by A. niger (P47C3) 
 Cultivation of  A. niger (P47C3) using the nutrient 
media of Mandels (Mandels  & Sternberg 1976) was 
compared with cultivation using the same media 
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with the supplementation of 5% lactose to induce 
the production of  β -galactosidase (Figure 1). Until 
24 h of cultivation,  β -galactosidase activities were 
equivalent and no effect of lactose supplementation 
was observed. However, activity measured for the 
longer cultivation times (48 – 120 h) indicated that 
supplementation with 5% lactose was suffi cient to 
induce  β -galactosidase production, and after 72 h of 
cultivation, the  β -galactosidase activity with  A. niger 
cultivated with lactose supplementation was almost 
2-fold higher than that without lactose. 
 A similar enhancement in  β -galactosidase produc-
tion with lactose supplementation in the media has 
been reported for cultivation of other  A. species 
(Fantes  & Roberts 1973) and other microorganisms 
(Ku  & Hang 1992). In the case of  A. nidulans R21 
(Fantes  & Roberts 1973), the fungus produced 30-fold 
more  β -galactosidase when the growth media had lac-
tose as the only carbon source. When the cultivation 
media had other carbon sources besides lactose, the 
induction of the enzyme by lactose was prevented. 
 Purifi cation of  β -galactosidase produced by 
A. niger (P47C3) 
 The enzyme extract obtained after fi ve days of cul-
tivation under SmF conditions was used to purify 
 β -galactosidase for characterization studies. The 
total protein concentrations were monitored by 
absorbance at 280 nm during chromatography, and 
total protein contents of the membrane fi ltration 
and chromatographic fractions were measured 
(Table I). 
 The membrane fi ltration step was the least 
effi cient among the purifi cation steps, resulting in 
only 5% of initial activity recovery in the retentate. 
However, a more pronounced reduction of the total 
protein content was observed, giving a slight 
increase in the purifi cation factor. Because a vol-
ume reduction of 50-fold was achieved and the 
amount of  β -galactosidase recovered was enough 
for the characterization procedures, no optimiza-
tion of membrane conditions was performed to 
improve enzyme recovery. 
 Cation exchange chromatography gave good sep-
aration of  β -galactosidase and the other proteins 
from the extract; the  β -galactosidase peak (between 
60 and 100 mL) eluted without simultaneous elution 
of other proteins (Figure 2). The additional purifi ca-
tion achieved by gel chromatography could be 
detected by SDS – PAGE (Figure 3a), and removal of 
impurities can be observed when comparing the ion 
exchange chromatography pool (IE lane) and the 
fi nal purifi ed sample (P lane). 
 Table I. Purifi cation of  β -galactosidase from enzyme extract produced by  A. niger (P47C3). 
 Purifi cation step  Volume (mL) 
 Total soluble 
protein (mg)  Activity (U) 
 Specifi c activity 
(U/mg)  Yield (%)  Purifi cation factor 
Crude extract 5000 361 60.5 0.168 100 1
Membrane fi ltration 100 14.7 3.10 0.210 5.1 1.3
SP ion chromatography 50 3.24 1.61 0.496 2.7 3.0
Gel chromatography 20 0.73 0.646 0.887 1.1 5.3
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 Figure 1.  β -Galactosidase production during 5-day cultivation of  A. niger (P47C3) under  SmF , with () and without () lactose 
supplementation. 
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 b-galactosidase from a new Amazon Forest strain of Aspergillus niger  17
 Overall, a substantial purifi cation was observed, 
indicating that the sequence of purifi cation steps 
was appropriate for  β -galactosidase purifi cation. 
At the end of the three purifi cation steps, purifi ed 
 β -galactosidase was successfully obtained (Figure 
3a) with a molecular weight of approximately 
125 kDa. This is similar to the values previously 
determined for  β -galactosidases from different 
sources (Table II). For example,  β -galactosidase from 
commercial preparations produced by  A. niger has a 
molecular weight of 135 kDa (Sykes et  al. 1983), and 
124, 150 and 173 kDa have been recorded for three 
isolated isoforms of  β -galactosidase (Widmer  & 
Leuba 1979). 
 Characterization of  β -galactosidase produced 
by A. niger (P47C3) 
 Enzyme properties can vary for the same enzyme 
from different sources (Widmer  & Leuba 1979). For 
example, in general, optimal pH for  β -galactosidases 
from fungi is acidic (pH 2.5 – 4.5) while the optimum 
pH of  β -galactosidases from yeast and bacteria is 
close to neutral, between 6 – 7 and 6.5 – 7.5, respec-
tively. From the literature, the optimal temperature 
of  β -galactosidase from fungi, yeast and bacteria is 
usually between 50 and 60 ° C. In the case of enzyme 
affi nity for the substrate, the  β -galactosidases from 
fungi have higher specifi city for synthetic substrates 
such as ONPG and PNPG than for lactose. Table II 
shows that  β -galactosidases produced by different 
strains of  Aspergillus spp have different sizes, optimal 
pH and temperatures and different  Km values. 
Therefore, it is essential to characterize a given 
enzyme, in order to determine its properties. 
M IE P 
200  kDa 
116  kDa 
97  kDa 
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45  kDa 
29  kDa 
0 10 20 30 40 50
2.4
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M
Migration distance (mm)
(a)
(b)
 Figure 3.  (a) Protein profi les (SDS-PAGE) of molecular marker 
(M), pool of fractions collected from the ion exchange 
chromatography (IE), and the pool of fractions collected from the 
gel chromatography containing purifi ed  β -galactosidase (P). Same 
samples volumes were loaded on the gel. (b) Molecular mass 
determination using SDS – PAGE for  β -galactosidase from  A. niger 
(P47C3). Molecular markers: catalase (200 kDa), lactate 
dehydrogenase (116 kDa), phosphorylase (97 kDa), albumin 
(66  kDa), ovalbumin (45 kDa), carbonic anhydrase (29 kDa). 
Molecular weight of  β -galactosidase (◻). 
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 Figure 2. Ion exchange chromatography of concentrated enzyme extract containing  β -galactosidase from  A. niger (P47C3). Absorbance 
at 280 nm () and  β -galactosidase activity () elution profi les, and NaCl gradient from 0 – 0.5 M ( ⁄ ) monitored using AKTA purifi er  ™  . 
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 Effect of pH on  ß -galactosidase activity.  The activity of 
 β -galactosidase produced by  A. niger was tested in 
the pH range between 3.0 and 9.0 at 37 ° C for 
10 min, using 20 mM of the synthetic substrate 
PNPG (Figure 4). The highest  β -galactosidase activ-
ity occurred between pH 4.0 and 5.0, with relative 
activities of 100% and 99.8%, respectively. For both 
pH 3.0 and 9.0, the activity measured was above 
80%, indicating no substantial pH infl uence in the 
 β -galactosidase activity. 
 An optimal pH of pH 4.5 was found for 
 β -galactosidase from  Aspergillus carbonarius (el-Gindy 
2003) and from  Rhizomucor sp (Shaikh et  al. 1999). 
Endogenous  β -galactosidase produced by  A. niger 
presented its highest activity between pH 2.5 and 4.0 
(Hu et  al. 2010). An optimal pH between 4.0 and 
5.0 was reported for the enzyme production by 
 Penicillium chrysogenum NCAIM 00237 , and the 
 β -galactosidase activity decreased only 30% at pH 
7.0 (Nagy et  al. 2001).  β -Galactosidase from  A. 
oryzae had an optimal pH of 4.8, while 30% and 
50% reduction in the enzyme activity was seen at pH 
6 and 8, respectively (Park et  al. 1979). 
 Because the  β -galactosidase produced by  A. niger 
(P47C3) did not show substantial variation in 
activity at different pH values, we believe that no 
signifi cant conformational changes in the enzyme 
occurred over this range. Since operating conditions 
are strongly infl uenced by factors such as the chem-
ical environment, temperature, pH, and solvent 
properties (Iyer  & Ananthanarayan 2008), stable 
enzymes have advantages in industrial and biotech-
nological applications, and the low infl uence of pH 
variation on the  β -galactosidase produced by  A. niger 
(P47C3) is an interesting property for potential 
industrial application. 
 Effect of temperature on  β -galactosidase activity. 
 Activities of the  β -galactosidase produced by  A. niger 
(P47C3) were determined at 27, 37, 45, 50, 55, 60, 
65, 70 and 80 ° C, at pH 4,0, using PNPG as the 
substrate (Figure 5). Maximum activities were 
observed between 50 and 65 ° C, with the highest 
enzymatic activity at 55 ° C, with almost no activity 
at 80 ° C. This range of optimal temperature of 
activity is consistent with the values found in the 
literature. For  β -galactosidase produced by  A. niger , 
the highest optimum temperature reported is 75 ° C 
(Hu et  al. 2010). 
 Even with  β -galactosidases produced by other 
fungal species, similar optimal temperatures have 
been observed.  A. carbonarius ATCC 6276 (O ’ Connell 
 & Walsh 2008), and  Rhizomucor sp (Shaikh et  al. 
1999)  β -galactosidases had their highest activity at 
55 – 65 ° C and 60 ° C, respectively. 
 Determination of Michaelis-Menten constant (Km) and 
maximum velocity (Vmax) .  The measured reaction 
 Table II. Biochemical and kinetic properties of  β -galactosidases produced by different A. species. 
 Fungus  MW (kDa)  pH  Temperature ( ° C)  Km (mM)  References 
ONPG PNPG Lactose
 A. niger (P47C3) 125 4.0 – 5.0 55  – 2.2  – Present work
 A. niger NS 3.0 – 4.0 55 – 60 2.02 NS NS Greenberg  & Mahoney 
(2006)
 A. niger van Tiegh 175 2.5 75 NS 2.21 NS Hu et  al. (2010)
 A. niger 135 4.0 – 4.5 65 NS 1.2 NS Sykes et  al. (1983)
 A. niger I-124
 II-150
 III-173
2.5 – 3.5
 2.5 – 4.0
 3.2
NS 2.35
 2.36
 2.38
NS 85
 105
 125
Widmer  & Leuba (1979)
 A. carbonarius NS 4.5 NS NS NS NS el-Gindy (2003)
 A. carbonarius ATCC 6276 110
 120
3.0 – 4.0
 2.5 – 3.5
55
 65
2.63
 0.56
1.60
 1.17
83
 309
O ’ Connell  & Walsh (2008)
 A. oryzae 90 5 50 – 55 0.77 NS 50 Park et  al. (1979)
 A. oryzae RT 102 NS 4.5 – 4.8 46 0.00072 NS 0.018 Tanaka et  al. (1975)
 A. oryzae H-26 – 10-7 113 NS 60 NS NS NS Todorova-Balvay et  al. (2006)
 NS: Data not shown. 
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 Figure 4. Effect of pH on the activity of  β -galactosidase produced 
by  A. niger (P47C3) , at 37 ° C. 
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rates (V 0 ) at different substrate concentrations 
were plotted to generate Michaelis – Menten curves 
(Figure 6a), and the corresponding Lineweaver –
 Burk double-reciprocal plots (Figure 6b). The slopes 
and the axis intercepts yield the values for the 
Michaelis constant ( Km ) and the maximum reaction 
rate ( Vmax ) for the reaction catalyzed by the enzyme. 
The reaction of  β -galactosidase with the PNPG 
substrate gave a  Km value of 2.2 mM, similar to 
previously studied  β -galactosidases (Table II). The 
 Vmax value for the hydrolysis of the synthetic sub-
strate PNPG was 0.29 mM/min. 
 Determination of inhibition constant (Ki).  Products 
of an enzymatic reaction can act as inhibitors of the 
reaction. In the case of the hydrolysis products of 
 β -galactosidase, galactose is frequently a competi-
tive inhibitor (Portaccio et  al. 1998), with glucose 
inhibition being lower than that of galactose (Park  & 
Oh 2010). To examine whether the  β -galactosidase 
from  A. niger (P47C3) was inhibited by galactose, 
the hydrolysis of PNPG was performed in the 
presence of different concentrations of galactose 
(1 – 5 mM). For the same PNPG concentration, the 
reaction rate decreased with an increase in galac-
tose concentration, confi rming the presence of 
some sort of inhibition. 
 A Lineweaver – Burk double-reciprocal plot was 
used to determine the type of inhibition occurring 
(Figure 7). In the presence of galactose, the lines 
converged to the same point in the Y-axis giving a 
constant value of  Vmax , while the  Km value 
increased, typical of competitive inhibition. The 
maximum reaction rate in the presence of a 
competitive inhibitor is equal to  Vmax , maximum 
reaction rate without the inhibitor. The apparent 
 Km will increase in the presence of a competitive 
inhibitor because, for any inhibitor concentration, 
there will be an enzyme fraction as enzyme-
inhibitor, which does not have affi nity for the 
substrate (Segel 1993). 
 A characteristic of competitive inhibition is that 
the graph of apparent  Km versus inhibitor concen-
tration is linear, and the X-axis intercept equals 
the negative value of  Ki (Segel 1993). Thus, the 
hydrolysis of PNPG by  β -galactosidase in the pres-
ence of galactose (product inhibitor) gave a  Ki value 
of 5 mM (Figure 8), which is equivalent to the 
concentration of inhibitor that doubles the slope of 
the (1/V 0 ) versus plot (1/S), that is, doubles the ratio 
 Km/Vmax . Similar values of  Ki have been reported 
for  β -galactosidase competitive inhibition by 
galactose (Batra et  al. 2002; Ladero et  al. 2000). 
 β -Galactosidase produced from  P. canescens F-178 
gave a  Ki value of 6.46 mM (Hu et  al. 2010). 
 Crystallization of purifi ed  β -galactosidase 
from A. niger (P47C3) 
 X-ray crystallography is routinely used to elucidate 
the tertiary structure of macromolecules, but the 
fi rst challenge in the determination of a protein 
structure is growth of suffi ciently large protein 
crystals. With the aim of obtaining X-ray quality 
crystals, four pH conditions were tested (8, 8.3, 8.5, 
and 8.6) using the same buffer, precipitant agent, 
and 10 mg/mL initial protein concentration. The 
best condition for crystal formation was pH 8.6; 
 β -galactosidase crystals were obtained after 15 days, 
and the maximum size was reached at the end of 
30 days using 12% PEG 4000 as the precipitant and 
0.2 M Tris – HCl buffer (Figure 9). The dimension 
(average diameter) of these crystals was estimated by 
microscopy as 30  μ m. 
20 25 30 35 40 45 50 55 60 65 70 75 80
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
β-G
al
ac
to
si
da
se
 a
ct
iv
ity
 (
U
/m
L)
Temperature (ºC)
 Figure 5. Effect of temperature on the activity of  β -galactosidase produced by  A. niger (P47C3) , at pH 4. 
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 Figure 7. Lineweaver – Burk double reciprocal plots showing the 
inhibition of  β -galactosidase from  A. niger (P47C3) in the presence 
of galactose at 0 mM (  ), 1 mM(  ), 2 mM (), and 5 mM (  ). 
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 Figure 8. Determination of the equilibrium constant for inhibitor 
binding,  Ki , for the competitive inhibition of  β -galactosidade from 
 A. niger (P47C3) in the presence of galactose using the apparent 
 Km values from the reciprocal plots. 
0 2 4 6 8 10 12 14 16 18
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
Vo
 (m
M/
mi
n)
PNPG concentration (mM)
–1.0 –0.5 0.0 0.5 1.0 1.5
–2
0
2
4
6
8
10
12
14
16
1/
V
o 
1/PNPG concentration
(a)
(b)
 Figure 6 ( a)  Effect of substrate (PNPG) concentration in the rate of the reaction catalyzed by  β -galactosidase from  A. niger (P47C3). 
(b) Lineweaver – Burk double-reciprocal plot. 
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 Although the obtained crystals were not analyzed 
using X-ray diffraction, the crystallization conditions 
have been established, and they will contribute to 
subsequent studies on the tertiary structure elucida-
tion of this  β -galactosidase. 
 Acknowledgments 
 The authors would like to thank the Brazilian agen-
cies Embrapa, CNPq, Capes, and Fapesp for the 
fi nancial support and Dra. Ana Carolina Viegas 
Carmo for assistance with data plotting. 
 Declaration of interest: The authors report no dec-
larations of interest. The authors alone are responsi-
ble for the content and writing of the paper. 
 References 
 Batra  N ,  Singh  J ,  Banerjee  UC ,  Patnaik  PR ,  Sobti  RC . 
 2002 .  Production and characterization of a thermostable 
 β -galactosidase from  Bacillus coagulans RCS3 .  Biotechnol Appl 
Biochem  36 : 1 – 6 . 
 Bradford  MM .  1976 .  A rapid and sensitive method for the quan-
titation of microgram quantities of protein utilizing the princi-
ple of protein-dye binding .  Anal Biochem  72 : 248 – 254 . 
 de Vries  RP ,  Visser  J .  2001 .  A. enzymes involved in degradation 
of plant cell wall polysaccharides .  Microbiol Mol Biol Rev 
 65 : 497 – 522 . 
 Delabona  PS ,  Pirota  RDPB ,  Codima  CA ,  Tremacoldi  CR , 
 Rodrigues  A ,  Farinas  CS .  2012 .  Using Amazon forest fungi 
and agricultural residues as a strategy to produce cellulolytic 
enzymes .  Biomass Bioenergy  37 : 243 – 250 . 
 Dodd  D ,  Cann  I .  2009 .  Enzymatic deconstruction of xylan for 
biofuel production .  Global Change Biol Bioenergy  1 : 2 – 17 . 
 el-Gindy  A .  2003 .  Production, partial purifi cation and some 
properties of beta-galactosidase from  Aspergillus carbonarius . 
 Folia Microbiol (Praha)  48 : 581 – 584 . 
 Fantes  PA ,  Roberts  CF .  1973 .  β -Galactosidase activity and lactose 
utilization in  Aspergillus nidulans.  J Gen Microbiol  77 :
 471 – 486 . 
 Fiedurek  J ,  Ilczuk  Z .  1990 .  Screening of microorganisms for 
improvement of beta-galactosidase production .  Acta Microbiol 
Pol  39 : 37 – 42 . 
 Gao  DH ,  Uppugundla  N ,  Chundawat  SPS ,  Yu  XR , 
 Hermanson  S ,  Gowda  K ,  Brumm  P ,  Mead  D ,  Balan  V , 
 Dale  BE .  2011 .  Hemicellulases and auxiliary enzymes for 
improved conversion of lignocellulosic biomass to monosac-
charides .  Biotechnol Biofuels  4 : 11 
 Greenberg  NA ,  Mahoney  RR .  2006 .  Rapid purifi cation of 
 β -galactosidase ( Aspergillus niger ) from a commercial prepara-
tion .  J Food Sci  46 : 684 – 687 . 
 Hu  X ,  Robin  S ,  O ’ Connell  S ,  Walsh  G ,  Wall  JG .  2010 . 
 Engineering of a fungal beta-galactosidase to remove product 
inhibition by galactose .  Appl Microbiol Biotechnol  87 :
 1773 – 1782 . 
 Iyer  PV ,  Ananthanarayan  L .  2008 .  Enzyme stability and 
stabilization — Aqueous and non-aqueous environment .  Process 
Biochem  43 : 1019 – 1032 . 
 Jorgensen  H ,  Kristensen  JB ,  Felby  C .  2007 .  Enzymatic conversion 
of lignocellulose into fermentable sugars: challenges and oppor-
tunities .  Biofuel Bioprod Bior  1 : 119 – 134 . 
 Ku  MA ,  Hang  YD .  1992 .  Production of yeast lactase from sauer-
kraut brine .  Biotechnol Lett  14 : 925 – 928 . 
 Ladero  M ,  Santos  A ,  Garcia-Ochoa  F .  2000 .  Kinetic modeling 
of lactose hydrolysis with an immobilized beta-galactosidase 
from  Kluyveromyces fragilis .  Enzyme Microb Technol  27 : 
583 – 592 . 
 Laemmli  UK .  1970 .  Cleavage of structural proteins during 
the assembly of the head of bacteriophage T4 .  Nature  227 : 
680 – 685 . 
 Liu  D ,  Zhang  R ,  Yang  X ,  Wu  H ,  Xu  D ,  Tang  Z ,  Shen  Q .  2011 . 
 Thermostable cellulase production of Aspergillus fumigatus 
Z5 under solid-state fermentation and its application in degra-
dation of agricultural wastes .  Int Biodeterior Biodegrad 
 65 : 717 – 725 . 
 Mandels  M ,  Sternberg  D .  1976 .  Recent advances in cellulases 
technology .  J Ferment Technol  54 : 267 – 286 . 
 McPherson  A .  1982 .  Preparation and analysis of protein crystals . 
 New York: Wiley . 
 Nagy  Z ,  Kiss  T ,  Szentirmai  A ,  Biro  S .  2001 .  Beta-galactosidase of 
Penicillum chrysogenum: production, purifi cation, and charac-
terization of the enzyme .  Protein Expr Purif  21 : 24 – 29 . 
 O ’ Connell  S ,  Walsh  G .  2008 .  Application relevant studies of 
fungal beta-galactosidases with potential application in the 
alleviation of lactose intolerance .  Appl Biochem Biotechnol 
 149 : 129 – 138 . 
 Park  AR ,  Oh  DK .  2010 .  Effects of galactose and glucose on the 
hydrolysis reaction of a thermostable beta-galactosidase from 
Caldicellulosiruptor saccharolyticus .  Appl Microbiol Biotech-
nol  85 : 1427 – 1435 . 
 Park  YK ,  De Santi  MSS ,  Pastore  G .  1979 .  Production and char-
acterization of  β -galactosidase from  A. oryzae .  J Food Sci  44(1) : 
 100 – 103 . 
 Figure 9.  β -Galactosidade crystal obtained using 12% PEG 4000 
as the precipitant and 0.2 M Tris – HCl buffer. The scale bar 
represents 60  μ m. 
B
io
ca
ta
l B
io
tra
ns
fo
rm
at
io
n 
D
ow
nl
oa
de
d 
fro
m
 in
fo
rm
ah
ea
lth
ca
re
.c
om
 b
y 
U
N
IC
A
M
P 
on
 0
2/
26
/1
4
Fo
r p
er
so
na
l u
se
 o
nl
y.
22  M. Tonelotto et al.  
 Portaccio  M ,  Stellato  S ,  Rossi  S ,  Bencivenga  U ,  Eldin  MSM , 
 Gaeta  FS ,  Mita  DG .  1998 .  Galactose competitive inhibition of 
 β -galactosidase ( A. oryzae ) immobilized on chitosan and nylon 
supports .  Enzyme Microb Technol  23 : 101 – 106 . 
 Saha  BC .  2003 .  Hemicellulose bioconversion .  J Ind Microbiol 
Biotechnol  30 : 279 – 291 . 
 Segel  IH .  1993 . Enzyme Kinetics: Behavior and Analysis of Rapid 
Equilibrium and Steady-State Enzyme Systems.  (Wiley Classics 
Library) Wiley-Interscience . 
 Shaikh  SA ,  Khire  JM ,  Khan  MI .  1999 .  Characterization of a 
thermostable extracellular beta-galactosidase from a ther-
mophilic fungus Rhizomucor sp .  Biochim Biophys Acta  1472 :
 314 – 322 . 
 Sykes  DE ,  Abbas  SA ,  Barlow  JJ ,  Matta  KL .  1983 .  Substrate 
specifi city and other properties of the  β -d-galactosidase from 
 Aspergillus niger .  Carbohydr Res  116 : 127 – 138 . 
 Tanaka  Y ,  Kagamiishi  A ,  Kiuchi  A ,  Horiuchi  T .  1975 .  Purifi cation 
and properties of beta-galactosidase from  Aspergillus oryzae . 
 J Biochem  77 : 241 – 247 . 
 Todorova-Balvay  D ,  Stoilova  I ,  Gargova  S ,  Vijayalakshmi  MA . 
 2006 .  An effi cient two step purifi cation and molecular charac-
terization of beta-galactosidases from Aspergillus oryzae . 
 J Mol Recognit  19 : 299 – 304 . 
 Widmer  F ,  Leuba  JL .  1979 .  Beta-Galactosidase from  Aspergillus 
niger : separation and characterization of three multiple forms . 
 Eur J Biochem  100 : 559 – 567 . 
B
io
ca
ta
l B
io
tra
ns
fo
rm
at
io
n 
D
ow
nl
oa
de
d 
fro
m
 in
fo
rm
ah
ea
lth
ca
re
.c
om
 b
y 
U
N
IC
A
M
P 
on
 0
2/
26
/1
4
Fo
r p
er
so
na
l u
se
 o
nl
y.
